Abstract. In application of the complex Langevin method to QCD at high density and low temperature, the singular-drift problem occurs due to the appearance of near-zero eigenvalues of the Dirac operator. In order to avoid this problem, we proposed to deform the Dirac operator in such a way that the near-zero eigenvalues do not appear and to extrapolate the deformation parameter to zero from the available data points. Here we test three different types of deformation in a simple large-N matrix model, which undergoes an SSB due to the phase of the fermion determinant, and compare them to see the consistency with one another.
Introduction
When the action is complex, the integrand in the path integral cannot be regarded as the probability distribution. Therefore, the usual Monte Carlo simulations cannot be applied to such systems. A bruteforce method is the so-called re-weighting method, but since the complex phase oscillates violently as the system size increases, it is difficult to evaluate the expectation values using this kind of method.
The complex Langevin method (CLM) [1, 2] is a promising approach to this sign problem. It can be viewed as a complex extension of the stochastic quantization based on the Langevin equation. The idea of the CLM is to complexify the dynamical variables and to consider the holomorphic extension of the action and the observables. While the CLM works even in some systems that suffer from a severe sign problem, it gives simply wrong results in the other cases. One of the recent developments concerns the conditions required for justification of the method. It was found that the probability distribution of the drift term has to fall off faster than exponential [3] . There are two cases in which this is not satisfied. One is the case in which the dynamical variables make long excursions into the imaginary direction [4] . The other is the case in which there is a non-vanishing probability that dynamical variables come close to the singularity of the drift term (the singular-drift problem) [5] . Another development was the invention of the gauge cooling technique [6] , which made the CLM work in finite density QCD either at high temperature [7] or in the heavy dense limit [8] .
At low temperature and high density, on the other hand, it is anticipated that the singular-drift problem occurs due to the appearance of near-zero eigenvalues of the Dirac operator. In ref. [9] , we proposed to avoid this problem by deforming the Dirac operator and extrapolating the deformation parameter to zero using only the reliable results obtained by the deformed model. We tested this idea in an SO(4)-symmetric matrix model with a Gaussian action and a complex fermion determinant, in which spontaneous breaking of the SO(4) symmetry is expected to occur due to the phase of the determinant [11] . This is also confirmed by explicit calculations based on the Gaussian expansion method (GEM) [12] . Applying the CLM to this model, we have found that the singular-drift problem is actually severe because the fermionic part of the model is essentially an exactly "massless" system. Following the idea described above, we have found that the SO(4) symmetry of the original matrix model is broken spontaneously to SO(2) after extrapolating the deformation parameter to zero. The obtained results were indeed consistent with the prediction of the GEM albeit with small discrepancies.
There are, however, a few issues that remain to be addressed in this deformation technique. First the validity of the extrapolation relies on the assumption that there is no phase transition in the parameter region in which the CLM does not work. Second it is not straightforward to estimate the systematic errors associated with the extrapolation. In order to address these issues, it is useful to think of various ways to deform the Dirac operator and to see how much the extrapolated results depend on the types of deformation. Here we investigate the aforementioned SO(4)-symmetric matrix model using three different types of deformed Dirac operator. We find that the results obtained with these deformations are consistent with one another, which supports the validity and usefulness of the deformation technique as a solution to the singular-drift problem in the CLM.
The rest of this paper is organized as follows. In section 2, we review the SO(4)-symmetric matrix model that we investigate in this work. In section 3, we explain how we apply the CLM to the SO(4)-symmetric matrix model. In particular, we define three different types of deformation, each of which can avoid the appearance of near-zero eigenvalues of the Dirac operator but with different ideas. In section 4, we present the results obtained with the three deformations and show that the results after extrapolating the deformation parameter are consistent with one another. We also conclude that the small discrepancies with the prediction from the GEM are due to the approximation used in the GEM. Section 5 is devoted to a summary and discussions.
Brief review of the SO(4)-symmetric matrix model
The SO(4)-symmetric matrix model investigated in this paper is defined by the partition function [11] 
where the bosonic part of the action is given as
We have introduced N × N Hermitian matrices X µ (µ = 1, . . . , 4). The Dirac operator D in eq. (1) is defined by
Here the 2×2 matrices Γ µ are the gamma matrices in 4d Euclidean space after Weyl projection defined by
where σ i (i = 1, 2, 3) are the Pauli matrices. The model has an SO(4) symmetry, under which X µ transforms as a vector.
The fermion determinant det D in (1) is complex in general. It was speculated that the SO(4) rotational symmetry of the model is spontaneously broken in the large-N limit with fixed r = N f /N > 0 due to the effect of the phase of the fermion determinant [11] . In the phase-quenched model, which is defined by omitting the phase of the fermion determinant, the SSB was shown not to occur by Monte Carlo simulation [13] . We may therefore say that the SSB, if it really occurs, should be induced by the phase of the fermion determinant. Throughout this paper, we consider the r = 1 case, which corresponds to N f = N.
In order to see the SSB, we introduce an SO(4)-breaking mass term
in the action, where
and we define the order parameters for the SSB by the expectation values of
where no sum over µ is taken. Due to the ordering (6), the expectation values obey
at finite ε. Taking the large-N limit and then sending ε to zero afterwards, the expectation values λ µ (µ = 1, · · · , 4) may not take the same value. In that case, we can conclude that the SSB occurs. Here and henceforth, the parameters m µ in the SO(4)-breaking term (5) are chosen as
Explicit calculations based on the GEM were carried out assuming that the SO(4) symmetry is broken down either to SO (2) or to SO(3) [12] . For r = 1, the order parameters are given by
The free energy was calculated in each vacuum, and the SO(2)-symmetric vacuum was found to have the lower value.
Complex Langevin simulation with the deformed Dirac operator
In this section, we explain how we apply the CLM to the SO(4)-symmetric matrix model (1) . Including the symmetry breaking term (5), we can write the partition function as The drift term that appears in the Langevin equation is given by
as a function of the Hermitian matrices X µ . Note that the second term in (13) is not Hermitian in general corresponding to the fact that the fermion determinant is complex. Accordingly, X µ has to be extended to general complex matrices as we solve the fictitious time evolution based on the Langevin equation 1 . The drift term (13) in the Langevin equation has to be defined for general complex matrices X µ by analytic continuation.
As we mentioned earlier, the singular-drift problem is associated with the appearance of nearzero eigenvalues of the Dirac operator D. Indeed we find that there are many eigenvalues close to zero for ε ≤ 0.5, which implies that the extrapolation to ε = 0 cannot be made reliably as it stands. In order to circumvent this problem, we proposed to deform the Dirac operator [9] . Using this deformation technique, we have successfully shown in this matrix model that the SO(4) symmetry is broken spontaneously down to SO(2). However, the validity of the extrapolation relies on the assumption that there is no phase transition in the region that cannot be studied by the CLM. Also it is not straightforward to estimate the systematic error associated with the extrapolation. In order to address these important issues in the deformation technique, we consider three types of deformation of the Dirac operator and compare the result after extrapolations. 1 In order to keep the matrices X µ as close to Hermitian as possible, we use the gauge cooling technique. Namely we define the Hermiticity norm
, which measures the deviation of X µ from a Hermitian configuration, and minimize this norm using SL(N, C) transformation after each Langevin step. The first two types are the ones we have used in our previous work [9] , which are defined by
where we added the second term to the original Dirac operator (3) and m f is the deformation parameter. For sufficiently large m f , the second term changes the eigenvalue distribution of the Dirac operator in such a way that there are no near-zero eigenvalues. In figure 1 , we plot the eigenvalue distribution of the deformed Dirac operators (14) and (15) obtained by simulating the corresponding deformed models. We find that the appearance of near-zero eigenvalues is avoided even for ε = 0.1. For a fixed m f , we can extrapolate ε to zero using the results obtained in the large-N limit. We can then extrapolate the deformation parameter m f to zero to get the results for the original model. In this work we consider the third type of deformation, which is defined as
where we have introduced a deformation parameter z. The original model corresponds to z = 1 and the SO(4) symmetry is broken explicitly to SO(3) for z 1. Note that this deformed Dirac operator D ′ 2 becomes anti-Hermitian when z is pure imaginary, in which case det D ′ 2 is real and there is no sign problem. In this sense the deformation parameter z may be viewed as an analogue of the chemical potential in finite density QCD. The singular-drift problem is expected not to occur when |Re z| is small. In figure 2 , we plot the eigenvalue distribution of the deformed Dirac operator (16) obtained by simulating the corresponding deformed model. We find that the appearance of near-zero eigenvalues is avoided even for ε = 0.2. Note that for z = 0, all the eigenvalues lie on the imaginary axis excluding the region near the origin. In what follows we restrict ourselves to the case with a real z for simplicity and see whether the SO(3) symmetry of the deformed model is spontaneously broken down to SO(2) as we increase z towards z = 1. We also try to make an extrapolation to z = 1.
Results
Before presenting our results, let us define the ratios
corresponding to the deformation (14) and similarly for the other deformations (15) and (16). This is motivated from the fact that the mass term (5) tends to make all the expectation values λ µ ε,m f smaller than the value to be obtained in the ε → 0 limit. By taking the ratio (17), the finite ε effects are canceled by the denominator, and the extrapolation to ε = 0 becomes easier.
In figure 3 (Left), we plot the ratio ρ µ (0, m f ) after taking the large-N limit and the ε → 0 limit against m 2 f for the deformation (14) . The lines represent fits to the form a+bm 2 f +cm 4 f using the data for 0.2 ≤ m f ≤ 0.6. By extrapolating m f to 0, we obtain results for the original model. In figure 3 (Left), we also plot the prediction from the GEM with crosses at m f = 0, which reveal certain discrepancies from the results obtained by the extrapolation with the deformation (14) .
In figure 3 (Right), we present a similar plot for the deformation (15) . The lines represent fits to the form a + bm 2 f + cm 4 f using the data for 0.4 ≤ m f ≤ 1.0. In the same figure, we also plot the results obtained with the deformation (14) with filled symbols at m f = 0, which are found to be in good agreement with the results obtained with the deformation (15) . This implies that the discrepancies between our results and the prediction from the GEM are due to the approximation used in GEM.
In figure 4 , we show our preliminary results for the deformation (16). We find that the SO(3) symmetry of the deformed model is spontaneously broken down to SO(2) for z 0.2. We have The ratio ρ µ (0, z) obtained after taking the large-N limit and the ε → 0 limit in the deformed model defined by (16) is plotted against z. The filled symbols at z = 1 represent the results obtained with the deformation (14) . The dashed lines represent fits to the quadratic form a + bz + cz 2 using the data for 0.2 ≤ z ≤ 0.6 and the data points at z = 1, which is obtained with the deformation (14) . also attempted to make an extrapolation to z = 1 with the quadratic form a + bz + cz 2 using the data for 0.2 ≤ z ≤ 0.6, but the uncertainties of our present data prevent us from making a reliable extrapolation at this stage. Here we would like to content ourselves with just checking the consistency with the deformation (14) . For that purpose, we fit the data including the data points at z = 1 obtained with the deformation (14) . The result of the fits looks reasonable as is shown in figure 4 with dashed lines. This suggests that it is possible to improve the data so that we can make a reliable extrapolation without using the data points at z = 1.
Summary and Discussions
In this article we discussed the deformation technique, which enables us to avoid the singular-drift problem that occurs in the CLM. We investigated the matrix model with a complex fermion determinant, in which the SO(4) symmetry is expected to be broken spontaneously down to SO(2) due to the effect of the phase of the fermion determinant. In order to avoid the singular-drift problem, we deformed the Dirac operator in three different ways so that the appearance of near-zero eigenvalues is suppressed. Our results suggest that the final results are independent of how we deform the Dirac operator. The deviations from the prediction by the GEM are therefore attributed to the approximation used in the GEM. The systematic errors associated with the extrapolation are considered to be smaller than these deviations. We hope that the insight gained in this work will be useful in applying the same technique to the complex Langevin analysis of finite density QCD at high density and low temperature [15] .
In fact, the matrix model investigated in this work may be viewed as a toy model for the matrix model conjectured to be a non-perturbative formulation of the type IIB superstring theory in ten dimensions [10] . In that model, the SO(10) symmetry is expected to be broken down to SO(4) in order to account for our four-dimensional space-time. On the other hand, the GEM predicts that the SO (10) symmetry is broken down to SO(3) instead of SO(4) [14] . It would be interesting to address this issue extending the present work.
